ABSTRACT A new molecular marker has been developed to clarify the status and systematic relationships of forms within the Bactrocera tau (Walker) taxon. The B. tau taxon, previously described as a widely distributed species, has recently been subdivided into forms A, B, C, D, E, F, G, and I based on host-plant preferences, cytological differences and external morphologies. This new molecular marker is derived from the sequence of the heat shock protein 70 cognate gene Bthsc1. Fragments of this gene were analyzed from B. tau individuals representing each of the different forms. Patterns of sequence variation revealed that the average genetic distance measurement within the B. tau form A is signiÞcantly smaller compared with the other B. tau forms. Unweighted pair-group method with arithmetic average and neighbor joining analyses both indicated that B. tau form A individuals derived from various geographical populations may be reliably separated from other forms B, C, D, E, F, G, and I. Our results also show that the Bthsc1 marker may successfully resolve other relationships among these forms. For example the B. tau forms B, F, and G, which are monophagous on related host plants, also cluster together as a closely related group.
A NUMBER OF SPECIES of tephritid fruit ßies are important pests of crops in Southeast Asia. One such species, Bactrocera tau (Walker), is widely distributed throughout this region (Hardy 1973) . The distribution of this species extends from South Asian countries such as Sri Lanka and Bhutan to the Southeast Asian countries of Thailand, Malaysia, Vietnam, Philippines, and Indonesia and toward the Far East Asian region including Taiwan and South China (White and ElsonHarris 1992) . B. tau infests a wide range of hosts, generally cucurbits such as the commercially important crops of cucumber, luffa, and melons (Drew and Roming 1997) . They have been discovered both in the endemic wild (forest) cucurbitaceous fruits such as Trichosanthes spp. as well as in cultivated areas. However, questions regarding the taxonomic status of specimens described as B. tau have persisted for many years (White and Elson-Harris 1992) .
Recent work on B. tau has suggested that this taxon actually represent a complex of widely distributed species (Baimai et al. 2000) . The existence of a complex of species has a number of potentially important implications for pest species in particular. From a pest management perspective, the presence of several distinct species, in particular those that are reproductively isolated as deÞned by the classical biological species concept (Mayr 1963) , implies that control programs may need to be tailored to the speciÞcs of each case. If, however, the deÞned forms (or groups) do not represent distinct species, it may be possible to design effective control programs that can have an impact on several (or all) of the forms simultaneously.
In the case of species complexes many traditional characters, such as those based on morphological differences, are often unable to provide adequate resolution to determine the status of species and their systematic relationships. Recently, the incorporation of molecular techniques in the analysis of systematic relationships within and between species has provided a new framework for augmenting these traditional approaches (Hillis et al. 1996) .
For Tephritid species, a number of DNA-based markers such as microsatellites and various nuclear DNA sequences are available from systematic studies focused at the level of population relationships (He and Haymer 1997 , Bonizzoni et al. 2000 , Yu et al. 2001 . However, for the situation where a species complex exists, the extent to which these markers might be useful for delineating systematic relationships is not well established. McPheron and Han (1997) used mitochondrial 16S rDNA sequence data to analyze the Rhagoletis pomonella species complex, but did not identify diagnostic differences among the members. Morrow et al. (2000) used four markers to study genetic differentiation of the B. tryoni complex. They identiÞed a high level of shared polymorphic variation but only minor Þxed differences in one marker. Mitochondrial rDNA sequences have recently been developed to resolve phylogenetic relationships among fruit ßies in the genus Bactrocera. However, these mt rDNA sequences cannot reliably resolve closely related species in the B. dorsalis complex (Muraji and Nakahara 2001) .
The B. tau complex has been temporarily systematized into eight forms designated A, B, C, D, E, F, G, and I based on studies of host-plant preferences, cytological differences and external morphologies (Tigavattananont 1986 , Meksongsee et al. 1991 , Baimai et al. 2000 . Within the complex, members show morphological differences in the yellow stripes on the thorax and the size and shape of dark bands on the dorsal and lateral abdomen (Baimai et al. 2000) . These identiÞ-cations were further analyzed by comparing differences in mitotic karyotypes (Baimai et al. 2000) . However to date no characteristics appear adequate to completely resolve questions about the species status and systematic relationships of all these forms.
For the case of B. tau, the use of a molecular genetic character may help to clarify relationships within this complex. In this study we have examined the potential of a genetic marker based on Heat shock protein 70 (Hsp70) gene sequences to be used for this purpose. This marker has been successfully used to study phylogenetic relationships at several higher taxonic levels, in part because it is a highly conserved gene (Gupta and Golding 1993 , Graser et al. 1996 , Borchiellini et al. 1998 , Budin and Philppe 1998 . However the potential for this marker to resolve close genetic relationships, such as forms within a species or within a complex of closely related species, has not yet been established.
Materials and Methods
Fruit Fly Specimens. Specimens representing different forms (Table 1) were classiÞed based on hostplant preferences, cytological differences and external morphologies as previously described (Tigavattananont 1986 , Meksongsee et al. 1991 , Baimai et al. 2000 . A geographical map showing the collection locations is shown in Fig. 1 . B. tau form A is polyphagous and is widely distributed in all regions of Thailand (Fig. 1) . The other forms are relatively rare. The B. tau forms B, F, and G are allopatric and monophagous. The B. tau forms C, D, E, and I are oligophagous and are found only in the Southern region, except form C ( Fig. 1 ; Baimai et al. 2000) .
For form A, each sample was a single individual from each of 10 different geographical localities. All other forms were sampled using single individuals from individual geographical localities. We used a bootstrap statistical analysis in an attempt to alleviate sampling bias (see DNA sequence analysis).
DNA Isolation. Before genomic DNA extraction, fruit ßy samples were frozen in liquid nitrogen. DNA from individual ßies was extracted by using the Lifton method as described by Haymer et al. (1992) . Genomic DNA was resuspended in sterile water at a concentration of 10 ng/l.
Polymerase Chain Reaction Amplifications. AmpliÞcations were performed on a GenAmp Polymerase Chain Reaction (PCR) system 2400 thermal cycler (Applied Biosystems [Thailand] Limited, Bangkok) in a total volume of 50 l. AmpliÞcation reactions contained 10 ng of genomic DNA, 1x TaqDNA polymerase buffer (Perkin Elmer, Branchburg, NJ), 200 M each dNTP mixed (Gibco, Gaithersburg, MD), 20 mol of each primer, and 1U of TaqDNA polymerase (Perkin Elmer). The following cycling proÞle was used for primers I and II (see results): An initial denaturation at 94ЊC for 2min, followed by 29 cycles of denaturation at 94ЊC for 1min, primer annealing at 44ЊC for 1 min and extension at 72ЊC for 2min.
PCR ampliÞcations using primers HST I and HST II (see Results) were carried out as described above except that primer annealing was done at 61ЊC for 1 min and an extension at 72ЊC for 2 min was used. These primers and conditions were used for ampliÞcation of the genomic DNA templates from all the samples listed in Table 1 . The HST I and II primers were also used to isolate a sequence designated Bdorhsc from B. dorsalis using for use as an outgroup in the unweighted pair-group method with arithmetic average analysis. In all cases, primers were designed using the OLIGO primer analysis software (Pychlik and Pychlik 1989) .
Cloning and Sequencing. PCR products generated using primers I and II were cloned into the vector pCR2.1 using the TA cloning kit (Invitrogen, San Diego, CA) according to the manufacturerÕs instruction. PCR products generated using the HST I and HST II primers were Þrst digested with EcoRI. The resulting product was then ligated into the pUC19 vector for transformation into the DH5␣ strain of Escherichia coli. Insert-bearing plasmids were selected by blue/ white screening. Plasmids were isolated using a plasmid boiling preparation method (Maniatis et al. 1982 ).
Nucleotide sequences were obtained using an automated DNA sequencer (model 377, ABI PRISM, Foster City, CA). Each plasmid was sequenced once from both directions unless sequencing interpretation problems were encountered.
Sequence Analyses. Sequences from the cloned fragments were aligned using the CLUSTAL W program (Thompson et al. 1994) . Transition/transversion (ti/tv) ratios were calculated from pairwise comparisons between the sequences obtained from all B. tau samples and the B. dorsalis outgroup. Genetic distances were calculated by using the DNADIST program in the PHYLIP package version 3.5c (Felsenstein 1993) with the KimuraÕs two parameter (K2P) model option (with a default value of ti/tv of 2.0). A dendrogram of the genetic relationships of the B. tau forms A, B, C, D, E, F, G, and I was constructed using the unweighted pair-group method with arithmetic average (Unweighted Pair Group Method with Arithmetic mean) algorithm option in the NEIGHBOR program in the PHYLIP package.
Neighbor-Joining (NJ) trees based on a 50% majority rule consensus were constructed. For this analysis, the sequence data set was resampled with 100 replications using a bootstrap method by SEQBOOT program in the PHYLIP package. The 100 bootstrapped data sets were used to generate 100 genetic distance matrices based on a K2P model using the DNADIST program. The 50% majority rule consensus tree was draw as a nonscaled tree with the TREE-VIEW program (Page 1996 ) with a bootstrap value on each node.
Results

Cloning of the Heat Shock Protein 70
Cognate Sequences from B. tau. Hsp 70 cognate gene-like sequences from B. tau were Þrst obtained using information from a similar gene (Cerhsc1) from Ceratitis capitata (Wiedemann) (Thanaphum and Haymer 1998) (Fig. 2A) . The Cerhsc1 gene has an uninterrupted open reading frame 1962bp long. Conceptual translation of this open reading frame revealed two conserved domains within the protein, the N-terminal ATPase domains and the C-terminal peptide binding domain. Two regions of the Cerhsc1 sequence, beginning at amino acid positions 138 and 591, were selected for the design of nondegenerate primers (designated I and II). The sequences of these primers are:
Primer I 5Ј-TTA CCA ACG CCG TCA TCA CTG-3Ј Primer II 5Ј-CTA ACC AGT TGG CTG AGA AGG AGC-3Ј.
Using these primers, a 1.3-kb band was ampliÞed from genomic DNA of an individual representing B. tau form A from Phetchabun. The ampliÞcation product, designated as Bthsc1, was cloned and sequenced. The resultant 1,356bp of sequence from Bthsc1 was aligned with the corresponding Cerhsc1 sequence from C. capitata. These sequences showed 93.50% identity at the DNA and 97.18% identity at the amino acid level (data not shown). Two additional sequences representing form A individuals from other geographical populations (Ubon Ratchatani and Nan) were also obtained. A multiple sequence alignment of all three Bthsc1 sequences and the Cerhsc1 sequence, both at the level of DNA and conceptual amino acid translation, revealed two conserved regions around amino acid positions 236 and 570 of the Cerhsc1 (data not shown). Degenerate primers were designed from these conserved regions and designated as follows:
The nucleotides in parentheses indicate variable sites.
PCR ampliÞcation from specimens representing all the B. tau forms listed in Table 1 using the primers HST I and HST II produced ampliÞcation products 1,001bp in length (Fig. 2B) . All of these products were found to contain two conserved EcoRI sites, 664bp apart (Fig. 2C) . The 664bp EcoRI fragment from B. tau form A from Phetchabun was used as a probe for Southern blot analysis of samples of all the B. tau form A populations. At high stringency, only a single band was seen (data not shown) in each case. Similar analyses of genomic DNAs from form A populations digested with either XbaI or HindIII also showed only one band (data not shown).
Alignments of Bthsc1
Sequences from All B. tau Forms. The 664bp EcoRI fragments obtained from the different specimens were cloned and sequenced. A summary of the variation revealed by the CLUSTAL alignment of these sequences is shown in Table 2 . No gaps are required to maximize these alignments. There are 55 variable nucleotide positions out of 664 nucleotide positions (or 8.3%), and these appear to be randomly distributed throughout this region. Most of the variable positions are synonymous substitution (46 sites or 83%). Of these, almost all are the third codon position (44 sites out of 46 sites).
Table 2 also shows that within the form A samples there are 16 variable sites. Four of these polymorphisms are shared by more than one of the form A samples. Likewise, within the form B to I samples there are 41 variable sites. Of these, 23 occur in more than one of these samples. The A in position 222 appears to be Þxed in forms B to I while completely absent from the form A samples.
Overall, 15 transversion and 40 transition changes were found when all samples were compared with the Bthsc1 concensus sequence. The average ti/tv ratio was found to be 2.17 Ϯ 0.17 (N ϭ 17). Within form A, there were more transitions (13 or Ϸ81%) than transversions (three or Ϸ19%). A higher proportion of transversions was seen in the B to I forms (12 or 28%). The transversion substitutions are almost all synony- 1  2  3  3  3  4  4  5  5  6  6  6  6  7  7  8  8  8  9  9  9  Sequence position  8  4  0  3  9  5  8  1  4  0  3  6  9  5  8  5  6  7  0  1  9  Codon position  3  3  3  3  3  3  3  3  3  3  3  3  3  3  3  1  2  3  3  1  3  Transition or position  2  3  9  0  3  5  0  6  2  5  8  5  6  2  4  5  8  0  1  0  5  1  Codon position  3  3  1  3  3  3  3  3  3  3  3  1  3  3  2  3  3  2  3  3  3  3  Transition or 
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The top three rows indicated the positions of the nucleotide residues within the 664bp Eco RI fragment. The fourth row indicates the position of the change within the codon. The Þfth row indicates a transitional (ts) or transversional (tv) or both (B) comparing each change with the Bthsc 1 consensus sequence. The sixth row indicates whether the substitutions result in synonymous (S) or nonsynonymous (R) changes. Dots represent nucleotides that are identical to the Bthsc 1 overall consensus sequence. Normal typed and bolded typed nucleotides are ts and tv, respectively. both cases). Table 4 shows the results for all of the different B. tau forms. Here, the average number of nucleotide differences was found to be 16 Ϯ 5.98 and the average genetic distance was calculated to be 0.0247 Ϯ 0.009 (N ϭ 28 in both cases).
From a t-test (2-tailed) for equality of means, the average genetic distance within the form A individuals is signiÞcantly smaller compared with the average genetic distances among all of the different forms (t ϭ Ϫ10.276; df ϭ 29.04; P Ͻ 0.001). Comparisons based on the average number of nucleotide differences are consistent with the results of the genetic distance estimates. Here, the t-test for equality of means (2-tailed) shows that the average number of nucleotide differences within form A is signiÞcantly smaller than the average number of nucleotide differences among the different forms (t ϭ Ϫ10.32; df ϭ 29.125; P Ͻ 0.001).
Unweighted Pair-Group Method with Arithmetic Average Dendrogram and Neighbor Joining Phylogenetic Analyses. The pairwise genetic distance data matrix for all of the Bthsc1 comparisons (Tables 3 and  4 combined) was also used as input for a cluster analysis. The dendrogram resulting from the unweighted pair-group method with arithmetic average analysis groups all of the 10 form A individuals from various populations into one clade (Fig. 3) , inferring a genetic separation of this form. The Bt-Fhsc, Bt-Ghsc, and BtBhsc individuals are also grouped into a distinct clade that may reßect a genetic relationship among these forms. The Bt-Chsc and Bt-Ihsc individuals also group together. The outgroup Bdorhsc is the most distant from all the Bthsc1 forms.
A 50% majority-rule consensus phylogenetic tree generated by the neighbor-joining method based on the KimuraÕs two parameters (K2P) model is shown in Fig. 4 . In this tree many (but not all) of the nodes were supported by bootstrap analyses with relatively high conÞdence levels (higher than 50%). The NJ tree also groups all of the 10 form A individuals from various populations into one clade (Fig. 4) and infers a genetic separation of the A form from other forms with conÞdence level 76%. The Bt-Fhsc, Bt-Ghsc, and Bt-Bhsc sequences are grouped into another distinct clade with bootstrap conÞdence limits of 88% and 95%. The Bt-Chsc and Bt-Ihsc sequences also formed a distinct group with a conÞdence level of 100%. Here, B. dorsalis is grouped with form D although the conÞdence level is below 50%. The NJ result is mostly congruent with the unweighted pair-group method with arithmetic average analysis.
Discussion
Primers designed from the DNA sequence of a heat shock cognate gene have been shown to reliably amplify sequences from B. tau individuals representing different forms found throughout Thailand. These primers were designed from coding regions of this gene that are conserved between B. tau, B. dorsalis, and C. capitata. The heat shock cognate gene ampliÞcation products obtained here from the different B. tau specimens provided markers for a molecular systematic approach to the analysis of relationships of these different forms. Previously, the taxonomic status and systematic relationships of the different forms of B. tau described have been the source of much confusion in the literature (Hardy 1973 , White and ElsonHarris 1992 , Baimai et al. 2000 . To analyze these relationships, nucleotide sequences were determined for a 664bp EcoR1 fragment found to be present within the heat shock cognate gene ampliÞcation product obtained for all individuals sampled. Alignment of these sequences revealed that 55 of the sites were variable between the different forms. No gaps were needed for these alignments, and the variable sites identiÞed appeared to be distributed throughout the fragment. These results show that although the heat shock protein 70 cognate gene is conserved, it can provide a level of polymorphism comparable to other established marker systems. For example, Morrow et al. (2000) found 33 out of 373 and 25 out of 316 sites, respectively, to be variable in the cytb and COII genes they used as markers for a similar analysis of other closely related Tephritid species.
Using these sequences, phylogenetic analyses based on the unweighted pair-group method with arithmetic average (Felsenstein 1993) and Neighbor Joining (Saitou and Nei 1987) methods were carried out. Both of these analyses grouped all the samples of form A into one clade with relatively high statistical conÞ-dence (76% from New Jersey analysis). Other analyses comparing the genetic makeup of form A individuals as a group to the other forms of B. tau yielded similar results. For example, the average number of substitutions found within form A was signiÞcantly lower than the level of variation among all the forms. A similar result was obtained from an analysis of genetic distances within form A individuals compared with the other forms.
At the level of direct sequence comparison, there is also a Þxed difference between these forms at position 222 which may be a synapomorphy. At this position, an A nucleotide is shared between all of the individuals representing forms B, C, D, E, F, G, and I. All of the form A individuals, in contrast, have a C nucleotide at this position.
Taken together, these results suggest that the B. tau form A is isolated to some extent from the other B. tau forms. The extent of the isolation suggests that this form may have phylogenetic species status as deÞned by Cracraft (1983) . Congruent with this, Baimai et al. (2000) had previously shown a unique chromosomal karyotype for the B. tau form A. However, more sam- ples of all of B. tau forms represented here need to be analyzed to conÞrm this hypothesis.
The phylogenetic analyses also suggest that the B. tau forms B, F, and G may form another subgroup. Although they are allopatric and each is monophagous, they infest closely related hosts that are distinct from the cucubitaceous hosts used by forms A, C, D, and I (Baimai et al. 2000) . Also with the forms B, F, and G there are four Þxed differences at positions 48, 85, 87, and 216 that could be synapomorphic. The existence of this subgroup may support a hypothesis that host shifting plays a crucial role for divergence within B. tau (and other Tephritids) as it has in other systems (Bush 1994) . The forms C and I may be another subgroup as suggested by the neighbor-joining analysis. However, here again more samples of these forms would be required to test the validity of these ideas.
In conclusion, heat shock cognate gene sequences have been used here as a new molecular marker for the analysis of closely related forms of B. tau. The sequences used here successfully resolved some relationships within the B. tau complex better than others. We provide evidence that the B. tau form A group may be reliably isolated from the other B. tau forms. The status of the forms B to I cannot be completely clariÞed, in part because only one sample of each was included in the study. However, our results suggest relationships among these forms that are congruent with host preferences and karyotype differences described by others.
From an evolutionary perspective, the analysis of phylogenetic relationships of closely related forms (or groups) such as B. tau that appear to have undergone recent expansion presents many challenges. In addition to the types of molecular data developed here, differences in mating behaviors, sexual selection, host preference shifts, and phenotypic traits important for reproductive isolation as described by Iwahashi (1999) and Morrow et al. (2000) for Tephritid species must also be taken into consideration to achieve a thorough understanding of such relationships.
Finally, because the coding regions of heat shock genes tend to be conserved across taxa (Borchiellini et al. 1998 ), it may also be possible to use these primers to amplify similar sequences from other Bactrocera species and other genera within the family Tephritidae. The use of this gene may help reduce the possibility of ambiguity in multiple sequence alignments as seen in the analysis of nineteen Bactrocera species using mitochondrial rDNA sequences (Muraji and Nakahara 2001) .
